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Abstract 
Research on pain following Spinal Cord Injury (SCI) has revealed that patients not only 
experience several types of pain that could prove to be challenging to address, but also 
that each individual can interpret such pain in different subjective ways. In this paper 
we introduce a 3-D system for facilitating the efficient management of pain, and thus, 
supporting clinicians in overcoming the aforementioned challenges. This system was 
evaluated by a cohort of 15 SCI patients in a pilot study that took place between July 
and October 2010.  Participants reported their experiences of using the 3-D system in an 
adapted version of the System Usability Scale (SUS) questionnaire. Statistically 
significant results were obtained with regards to the usability and efficiency of the 3-D 
system, with the majority of the patients finding it particularly useful to report their 
pain. Our findings suggest that the 3-D system can be an efficient tool in the efforts to 
better manage the pain experience of SCI patients.  
 
 
 
 
 
 
 
 
 
 
3 
 
1. Introduction   
Pain is one of the most common and prevalent consequences of SCI that imposes severe 
implications on individuals who have suffered this kind of physical trauma. Roughly 
one-half to two-thirds of spinal cord injured persons suffer from some form of chronic 
pain, and in approximately one third the pain is very severe and disabling [1]. 
Specifically, a summary of results from past studies [1, 2] in patients with SCI indicates 
that the average reported estimate of the prevalence of chronic SCI pain is 
approximately 65%, with roughly one-third of those affected reporting the severity as 
being greater than seven in a scale of ten on a Visual Analogue Scale (VAS). Although 
loss of function is the main consequence of SCI, the symptoms experienced from the 
presence of such chronic pain could be so severe that it has been reported to frequently 
interfere with sleep and everyday activities [3]. To this end, approximately 37% of SCI 
patients reported that they would like to be relieved from this burden even if they had to 
trade it with additional loss of bladder, bowel, or sexual function [2].   
    It is generally agreed that pain following SCI is complicated to assess and manage in 
that it may be either neuropathic or nociceptive [2, 4]. Specifically, spinal pain may 
arise at the level of the lesion, or above or below the lesion [2]. However, nociceptive 
pain may arise due to specific joint or musculoskeletal pains e.g. shoulder pain from 
self-propelling a wheelchair [5, 6, 7], generalized pain related to the discomfort of 
sitting in a wheelchair for prolonged periods of time [8], or visceral pain e.g. related to 
sphincter dysfunction [9]. Consequently, identifying the relative site in which pain has 
occurred most accurately may assist in the proper management of pain following SCI.  
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1.1 Current pain management practices 
Many approaches to the management of pain have been evolved over the last decades as 
a response to its impact. Most of these approaches have been based on a questionnaire 
format, and have therefore relied on the ability of a patient to self-report his or her pain. 
Three of the most typical approaches currently in use are the ranking of the severity of 
pain, the assessment of quality of life [10, 11], and the recording of the spatial location 
or site of pain [12, 13]. The latter – also known in the literature as pain drawing - is one 
of the most commonly used assessment methods with applications to various medical 
conditions over the years. This method involves the use of a paper-based 2-D body 
outline (see Figure 1), where patients are asked to mark on the type and distribution of 
the pain being experienced. 
    Nonetheless, despite their widely reported usefulness [10, 11, 12, 14, 15, 16, 17], 
there seems to be a lack of consensus regarding the applicability of such instruments in 
managing pain for persons with SCI. For example, asking an individual with SCI a 
question about pain interference with walking, a common question in many quality of 
life measures, is not applicable for someone who uses a wheelchair every day [18]. 
Similarly, notwithstanding its reported advantages, the pain drawing has also limitations 
as statements of the form “I h v    p i  o  th  i si   of my thigh” are not easily 
captured in a 2-D representation of the body. 
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Figure 1. A Completed Pain Drawing (Adopted by [16]) 
    In this respect, the work presented in this paper discusses the design, implementation 
and participant experiences of a 3-D visualization system to be used in the rehabilitation 
of pain by people suffering from SCI. Specifically, this work attempts to offer a 
computerized alternative to the pain drawing in managing pain, by offering patients an 
improved ability to visualize their SCI pain characteristics in 3-Dimensions – in the 
anticipation that it can make an important contribution to the applicability of specific 
instruments that could be used by clinicians in the effective management of pain for 
persons with SCI.  
2. Computational methods and theory 
The application of 3-D visualization techniques in the assessment of pain is not a recent 
trend. For instance, [19] and [20] explored the use of 3-D visualization methods to show 
whether the improved imaging quality could assist in the assessment of chest and facial 
pain, respectively, with the results indicating that visualization methods can be superior 
to traditional approaches for accurate assessment of pain.  
    Similar are the implications of applying 3-D visualization to the rehabilitation of SCI. 
In fact, considerable work has focused on the use of 3-D technology in the efforts to 
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reconstruct spinal cord trauma with very positive results. For instance, [21] have used 3-
D computer reconstruction in order to evaluate the pathology of the spinal injury. Along 
the same lines, [22] employed a 3-D reconstruction technique to investigate pelvic and 
spinal pathologies.  
    On the other hand, a 3-D mechanical model of a human lumbar spine segment with 
the intension to be used in simulation of surgery was depicted in [23]. As a step further, 
[24] have introduced a 3-D biomechanical skeleton model that could be used for 
diagnostic and therapeutic purposes for posture and SCI. More recently, further work 
has focused on the employment of 3-D modeling to better understand SCI. Specifically, 
[25] in their work have developed a 3-D model of a human cervical spine and spinal 
cord segment in order to investigate different cord strain distributions after injuries. 
Similarly, [26] have used 3-D imaging to create a model of the adult spinal cord for 
diagnostic purposes.       
    Finally, from a different perspective, [27] in an experimental study for reconstructing 
SCI, they constructed 3-D virtual images from performing computerized medical scans, 
whereas [28] described in their work a similar 3-D reconstruction method to be used for 
the automatic diagnosis of spinal diseases on the basis of CT slices.   
    In all the above studies, the results produced were very positive and 3-D visualization 
was extremely beneficial because the models produced could be observed from many 
different viewpoints, while rotation and zooming features were combined to allow 
observer navigation within the tissue. The same feature benefit was anticipated from 
devising a 3-D application to be used in the management of SCI pain. 
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2.1 Evaluating patient perceptions of self-assessing pain in 3-D 
As such, the research objective that has been specifically targeted in this study is to 
examine the usability of a 3-D system in visualizing SCI patients’ pain characteristics. 
To address our research objective, the present study set out to examine whether a 3-D 
approach to SCI pain management would be perceived better by its envisioned patient 
users, as compared to the traditional 2-D pain drawing. 
In so doing, our developed 3-D application will be evaluated against the well-
established pain drawing of Figure 1. Specifically, this ‘si  -by-si  ’ comparison and 
evaluation will be performed on the basis of particular content that is common to the 
two tools (see Figure 2). In this respect, only user responses about this common content 
will be analysed, thus reflecting user perceptions and preferences for using either the 
pain drawing or the 3-D visualization system to better manage their pain.  
 
Figure 2. Common Content to Pain drawing and 3-D Application 
2.2 Instrumentation 
The instrumentation used for this study consists of a laptop that runs the 3-D 
application, and two sets of questionnaires. The first is a pain questionnaire that was 
formed and validated together with the clinical staff involved in the study, and which 
includes pain-related questions and the traditional pain drawing. Accordingly, the 
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second questionnaire is an adapted to our requirements version of the system usability 
scale [29] that was carefully designed to reflect the content that has been identified as 
common between the two tools, as well as to assess the usability of both. In this 
questionnaire, patients are asked to record their opinions about both methods on a Likert 
scale of 1 (Strongly Disagree) to 5 (Strongly Agree) (see Table 1). Both questionnaires 
had been piloted at the test site prior to their administration.  
Table 1. Patients’ Evaluation questionnaire 
Q1. It was easy to log pain information on the pain diagram  
Q2. The process was easy to learn and use  
Q3. The use of the pain notations (color) was clear and helpful  
Q4. Showing the type and exact location of my pain on the pain diagram was easy  
Q5. I believe the pain diagram was not sufficient to express my pain  
Q6. The overall layout of the interface was clear and simple  
 
2.3 Description of participant group 
The participant group consisted of 15 individuals with SCI (7 female; 8 male, mean age 
52.3 years, range 28-75) who volunteered to participate in the research study between 
July and October 2010. This sample represented both new and consecutive admissions 
at the Spinal Cord Injury Unit in the Royal National Orthopaedic Hospital in London, 
with no previous exposure at the conventional pain drawing. Eighteen potential 
participants were initially asked to take part with three declining. The mean age of the 
eight males was 47.3 years (range 28-75), whereas 58 years (range 42-72) was the 
equivalent for the seven females. Details of all participants are shown in Table 2.   
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Table 2. Study Participant Group 
Participant Number Age Gender Diagnosis Range ‘Overall’ VAS 
1 63 F Vascular SCI 0-7 
2 70 F Traumatic SCI 0-5 
3 41 M Traumatic SCI 0-5 
4 69 M Epidural abscess 0-2 
5 28 M Traumatic SCI 0-6 
6 61 M Traumatic SCI 0 
7 42 F Traumatic SCI 0-9 
8 46 F Disc prolapse 0-3 
9 32 M Spinal neurofibroma 0-5 
10 75 M Traumatic SCI 0-4 
11 39 M Traumatic SCI 0-4 
12 66 F Traumatic SCI 0-1 
13 72 F Epidural abscess 0-7 
14 47 F Traumatic SCI 0-9 
15 34 M Traumatic SCI 0-8 
 
    Their diagnosis varied and included ten patients with traumatic SCI, two had infective 
causes and one vascular, discal and tumor conditions. The criteria for selection was that 
the participant has spinal cord-related condition that involves pain, has an age of 18 
years or more and experience some pain during the period of study. Finally, the range of 
pain intensity varied from 0-9, with the mean maximum pain intensity being 8.375 on a 
VAS, in accordance with the results cited in [1, 2].  
2.4 Protocol and algorithm 
The study protocol was approved by North London 1 Research Ethics committee. As 
such, prior to initiation of pain measurements, informed consent was obtained by each 
participant. A within-subjects design was employed for data collection in this study, 
where the patients used (in a randomized order to avoid presentation bias) both the 2-D 
pain drawing and the 3-D system to assess their pain. After consultations with the 
clinicians, it was decided that the measurements would take place in four points in time 
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over a period of one day for each participant, with an approximately 2-3 hour time 
difference between them (between 8.30am and 5pm), based on the patients’ daily 
schedule of activities.  
   Accordingly, the first measurement of the day started between 8.30-9.00am in the SCI 
unit of the above hospital, with the participant randomly given either the questionnaire 
with the 2-D pain drawing or the 3-D application to record details about his/her medical 
background, as well as information regarding pain relieving/worsening factors and 
treatment received. The next step was to score the current, at the time of measurement, 
level of his/her pain intensity, and the data collection finished by reporting in the 
assigned tool the type and location of his/her current pain. To satisfy the requirement for 
evaluation of only the common content to both approaches, patients were presented only 
with functionality that matched the conventional pain drawing’s, making other aspects 
of the 3-D application (see section 4.1) intentionally unavailable.   
   The protocol continued for three more measurements in 2-3 hour intervals, and at the 
end the evaluation questionnaire would be handed to the patient. Each measurement had 
duration of approximately 25 minutes and, at the end of the day the patient would have 
used both tools twice (the order of use was randomized to prevent order effects).  
2.5 Data Analysis 
The data generated at the end of the measurements consisted of a. information about 
each patient’s pain characteristics and b. the results of the evaluation questionnaires. For 
the former, a medical interpretation would be performed by the clinicians involved in 
this study, in order to examine the practicality of the 3-D approach in the management 
of pain in everyday medical practice. The results of this interpretation are not presented 
in this paper, as they are outside the purpose of the present study. 
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   For the latter, a statistical analysis was sought by using specialized software such as 
Predictive Analytics Software (PASW) v18.0, in order to identify whether statistical 
evidence occurs in support of our research objective. Specifically, each question of the 
questionnaire shown in Table 1 was assigned with a corresponding dimension that was 
used to measure user perception with respect to the type of tool (2-D pain drawing or 3-
D system) being evaluated (see Table 3). Accordingly, paired samples t-tests were 
performed for each of these questions to find out whether there were statistically 
significant differences in the aforementioned dimensions when using the two tools. If 
the t-tests were found to be statistically significant, follow-up graphical analysis was 
performed to visually represent the results. 
 
Table 3. Description of Measured Variables and Results 
                                         Independent Variable 
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                            Type of tool 
Dimensions 
of User Perception  
  2-D Pain Drawing 
   Mean Response                  
     St. Deviation 
3-D approach 
Mean Response            
St. Deviation 
p-value 
1. Ease of pain logging  3.1 1.6 4.6 0.5 0.02 
2. Ease of learning and use 4.7 0.4 4.4 0.9 0.3 
3. Clarity and helpfulness of  
pain notation 
3.6 0.6 3.6 1.6 1 
4. Clarity of the pain diagram 2.3 1.2 4.4 0.6 0.003 
5. Sufficiency of pain diagram 
to express pain 
3.5 0.8 1.09 0.3 <<0.05 
6. Simplicity and clarity of the 
User Interface 
3.1 0.8 3.9 0.7 0.02 
 
3. System description 
3.1 Defining the system’s potential users  
The developed system was envisioned to support two main groups of users, namely 
both primary and secondary users. For the purpose of this study, the primary users are 
identified as being the SCI patients who would directly interact with the application by 
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using it in order to record pain that they experience.  
Accordingly, the system’s secondary users will consist of clinicians and other clinical 
staff who would either directly interact with the system by using it to record SCI 
patients’ pain perception, therefore acting as an intermediary to the patient, or who 
would indirectly interact with the system by using its stored pain information for pain 
assessment and management purposes. 
To put the discussion into the context of the study’s aim, it was envisioned that 
secondary users would potentially integrate the system in their daily medical practice, in 
order to allow primary users to directly record their pain experience using the 3-D 
application. The recorded information would be then indirectly used by secondary users 
involved in their healthcare provision.   
3.2 Identifying the system’s user requirements 
In retrospect, the design and implementation of the system was conducted in 
collaboration with a team of five members of clinical staff, and three of this study’s 
participants from the Spinal Cord Injury Unit of the Royal National Orthopaedic 
Hospital in London, who would potentially interact with the system. In order to 
participate in this activity, the former group had to have experience with using the 
conventional pain drawing, whereas the latter had to experience SCI pain and be 
computer literate. Interviews with these stakeholders were held in order to define the 
desired requirements of the system. In brief, the identified requirements were to:  
1. Be user friendly. It should be extremely friendly and very easy to use and 
understand as the clinical staff and patients alike might not be computer-
oriented. On the basis of this, the system should be able to match the real world 
by having a User Interface (UI) layout that provides clear, familiar and relative 
information to the potential user, instead of computer-oriented terms.  
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In retrospect, the interaction process between that UI and the user should be 
extremely easy to learn and the system should be very easy to use by both 
experienced and inexperienced users, as well as by people with some form of 
impairment. This necessitates that the navigation capabilities that it should 
provide (e.g. buttons, input/output devices, selection lists, etc.) be as much 
simplistic and efficient as possible.    
2. Record pain information. It should be extremely practical in recording SCI pain 
characteristics and information that map to patients’ realistic daycare. As such, it 
should provide the functionality to also record pain information for various 
aspects of the daily patient’s life (e.g. personal care, physical activities, 
treatment) and allow the details (pain location, type, intensity, time of input) to 
be recorded over time, and saved for later analysis and for record keeping on a 
patient’s file, all in the form of a questionnaire.  
Although measuring the aforementioned pain information is not something 
new in the pain literature, studying the change of these pain characteristics over 
time and/or in relation to physical (or other) activities has never been performed 
on patients with SCI to the best of the authors’ knowledge. In anticipation, the 
system would represent an improvement over conventional scalar methods, as it 
would provide the user with an increased dimensionality to measuring SCI pain. 
This multidimensional nature of the system is represented by the capability that 
it should offer to collectively measure SCI pain characteristics, their changes 
over time, and their relation to physical or other activities. The end result of this 
improved functionality should be an increased sensitivity in detecting any 
changes of pain and how/what affects them.    
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3. Provide improved visualization. The visual quality of the conventional pain 
drawing should be significantly increased. As such, the system should 
encompass a 3-D representation of the human body, as an improved version of 
the 2-D format of the pain drawing, and it should provide fully navigational 
controls (zoom and rotate) that would allow for achieving an optimal visual 
quality through direct interaction with the system. 
In doing the above, the system should be also able to accurately represent 
different body postures, which typically reflect a patient’s everyday life, and 
should enable selection of body regions that most closely and precisely reflect a 
patient’s topology of pain. The conventional pain drawing does not currently 
provide any similar functionality. 
In retrospect, the 3-D system would represent a significant improvement to 
visualization over the conventional method, as not only it would provide the user 
with increased visual quality, but it would also enhance the accuracy of SCI pain 
assessment through the capability to further select a body posture that best 
reflects the user’s seating behaviour at the time of measurement. As such, a 
better differentiation between types/causes of pain could be achieved that would 
eventually lead to a more accurate diagnosis and/or management of SCI pain.   
4. Be implemented on a laptop. It has to be noted at this point that no specific 
requirements were sought during the design and implementation stage from 
patient users who may have specific physical or sensor constraints. Due to the 
pilot nature of this study, this was not taken into consideration and it could 
constitute an avenue for future work. Nevertheless, the patients involved in the 
requirements definition did highlight the fact that SCI patients suffering from 
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mobility or visual impairments are more likely to need a system that is 
developed on a PC or laptop, and be presented on a large screen. As such, a 
special requirement derived was that the system be developed on a laptop 
computer, instead of e.g. a Personal Digital Assistant (PDA) that was used in 
previous work by [30]. 
3.3 System Architecture  
The developed system was designed and implemented by extending previous work by 
[17, 30] and according to the user requirements identified. It consists of the underlying 
system architecture shown in Figure 3, with the three main components being the 
developed application with the Virtual Reality Modelling Language (VRML) Engine 
for 3-D support, the web/database server, and the backend databases.  
 
Figure 3. System Architecture 
    Accordingly, the application consists of a pain questionnaire that is used to collect 
information regarding a patient’s personal data for demographic purposes, as well as 
information concerning factors that worsen and relieve pain in relation to physical 
activities and personal care, the kind of treatment received, and the current intensity of 
their pain at the time of measurement in several predefined body parts (back, neck, 
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buttocks, legs, arms/shoulders, hands, feet, and an overall).  
    The user has the ability to input all of the above information through a variation of 
ways, while pain intensity is inputted for a particular region of the body via a VAS 
(implemented in our system via a horizontal scroll bar) ranging from 0-9 (0-no pain; 9- 
worst pain you can imagine). 
 The most important part of the application is the visualization ability of SCI pain. 
Our application displays a 3-D human mannequin whose surface was segmented into 
clinically appropriate regions after consultations with the clinical staff involved in our 
study. Specifically, the division of the body surface was performed in three levels: level 
1- least detailed division of the body in regions; level 2- moderate division; level 3- 
most detailed division.  
Moreover, based on earlier work [30, 31] and on consultations with the clinical staff 
involved, we color-coded four basic different types of pain (numbness, pain, pins and 
needles, and ache) that the SCI patients could select from, with an enhanced 
functionality to further choose a combination of these pain types to more accurately 
highlight their pain.  
In addition, according to the need to reflect a patient’s everyday life, clinicians further 
suggested that the application provides the capability to also select between three 
different body postures (standing, sitting or lying). In so doing, this feature would 
present the clinical staff with additional and more accurate information with regards to:  
1. how different body postures might affect (whether increase or decrease) their 
SCI pain levels; 
2. whether various daily functional activities, while being in a certain posture, have 
any implications to their SCI pain levels;  
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3. lastly, it would provide a more realistic environment to the patient that helps to 
best reflect his/her posture and more accurately indicate SCI pain on it at the 
time of measurement   
    Finally, the user has zoom-in and zoom-out buttons for manipulating the mannequin 
for depth-perception, whereas rotations are implemented through mouse input. If a 
mistaken pain indication was given, the user can delete it by clicking again on the 
selected pain type and then on the 3-D body. The obtained information is then stored in 
a local database. 
4. Samples of typical system runs 
4.1 Application walkthrough 
The developed system is made up of two main users, namely the clinician and the 
patient, as well as a control device - the laptop - that runs the 3-D application, and the 
web/database server with the backend database. The interaction between the system 
components starts with the clinician initially creating a patient profile by registering the 
patient user, prior any pain characteristics data collection. This entails the clinician 
supplying patient background information such as personal details, symptoms, type of 
injury, as well as any significant medical or impairment conditions. Subsequently, the 
system prompts the user to specify factors that worsen the pain in relation to physical 
activities (e.g. prolonged sitting and/or lying) and personal care (e.g. dressing, bowel 
care), as well as the factors that may usually offer relief from pain (e.g. rest, change of 
position). In addition, the treatment received (e.g. painkillers, physiotherapy) is also 
recorded. 
Upon authentication, the patient user can then score the pain intensity for the seven 
predefined by the clinicians body parts. In addition, the patient can also provide 
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information regarding any treatment received over the last two hours, as well as specify 
any other painful body areas with the corresponding intensity level.  
    The patient user then proceeds to the 3-D diagram screen (see Figures 4 and 5). Here, 
the ability to choose between the three defined postures and select a better region 
division of the human body is provided. In order to visualize the pain, the patient user 
can select from the four basic pain types, or a combination of them. Each pain is 
represented by a different color. Following the selection of the pain type by clicking on 
the corresponding color, the patient user can manipulate the 3-D model through the 
mouse and the zoom in/out buttons to the required body part, and indicate the type of 
pain by simply clicking on it.  
 
 
 
Figure 4. The 3-D Application (1) – Sitting Posture  
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Figure 6. Sequence Diagram of the Upload Process 
    When the pain information collection has finished, the data can be stored to the local 
database, and can be then uploaded to the remote server’s database using the Internet. 
The process of uploading (see Figure 6) is based on a user authentication technique with 
a username/password tuple, which, if passed, the server receives the data and saves it to 
the remote database, where it will remain until a clinician requests them for assessment.        
    At this point, it is important to clarify that from the above functionalities only the 3-D 
visualization of pain characteristics is of interest to the nature of this study. To this end, 
 
Figure 5. The 3-D Application (2) – Standing Posture 
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aspects such as uploading and recording pain-related information have not been taken 
into consideration as mandatory when evaluated the system. As such, the section that 
follows only deals with the evaluation of the 3-D visualization aspect of the system. 
5. Evaluation results  
The results obtained from this study are generally in line with our expectations that SCI 
patients would accept the potential of the 3-D system to more accurately manage their 
pain experience.  
5.1 Usability of user interface and navigation  
To this end, with respect to our research objective, while opinions about the ease of 
learning and use remained roughly the same for both the 2-D pain drawing and the 3-D 
application, the general consensus demonstrated that the process of logging pain 
information on the 3-D system was relatively more easy as compared to its 2-D 
equivalent (see Figure 7).  
   
Figure 7. Histograms of Responses to Evaluation Questions 1 - 2 
    Moreover, performing a paired samples t-test on our results revealed that while the 
mean opinion score regarding the ease of learning and use was higher in the case of the 
2-D pain drawing, the difference was not statistically significant (see Table 3). In fact, 
we expected patients to have more problems learning and using the laptop application 
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than the paper-based method, considering the age variation and some mobility 
impairments that were present in this patient group. However, our results suggest that 
patients’ perceptions were considerably different than our expectations, as the fact that 
they found logging pain information on the 3-D system easier (p<0.05), demonstrates.   
Since the 3-D system was devised to enhance the limited abilities that the 2-D pain 
drawing was offering, it comes as no surprise that patients further found that showing 
the type and exact location of their pain on the 3-D model (Figure 8) was also 
significantly easier than when using the 2-D drawing (p<0.05) (see Table 3).  
   
Figure 8. Histograms of Responses to Evaluation Questions 3 - 4 
In fact, a comment made by a patient during the evaluation was: 
       “I p  f   that one (3-D application) instead of the paper diagram…you c    ctu lly    
       focus better on that one, as the area is well-defined and I can more easily   
      i  ic t  th  loc tio  of my  ch s   ” 
Two more patients similarly remarked: 
  “It (3-D application) is mo   ‘f i   ly’… – I actually prefer this one since our   
    different body parts are now more localized and easier to s     ”  
and 
  “This (the 3-D application) is very good and looks much easier now to show where    
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    my discomfort is .. ”  
Accordingly, most comments were appreciative of the potential that the 3-D system 
could offer in the management of pain, and were generally in line with following 
comment made by another of the participant patients: 
    “The figure (i.e. 2-D p i      i g)   s  ot    qu t …I  oul    fi it ly p  f      
      something better.” 
Moreover, positive results were similarly obtained with regards to the ability of the 3-
D model to sufficiently communicate to the clinician the type of the pain experienced, 
through the use of a color notation that patients found to be very clear and helpful (see 
Figure 8). Nevertheless, patients’ perceptions suggest that there is no significant 
preference of using the color notation over the traditional symbol notation used in the 2-
D pain drawing. On the contrary, the mean opinion score was exactly the same in both 
tools (see Table 3). Therefore, the small analogy that was revealed between the two 
different ways of pain notation seems to demonstrate the acceptance of color as a means 
of depicting patients’ pain type, justifying past studies [30, 31] with respect to the use of 
color for the intended purpose. 
    Accordingly, we remark that the general trend from our evaluation was that patients 
were enthusiastic about the system, generally disagreeing with statements regarding the 
insufficiency of the 3-D model to express their pain (see Figure 9). In fact, the results 
highlight the wide acceptability and approval of the 3-D system’s ability to sufficiently 
report their pain experience, as compared to the 2-D pain drawing (p<0.05).  
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Figure 9. Histograms of Responses to Evaluation Questions 5 - 6 
Overall, the majority of the SCI patients that participated in our study appreciated the 
advantages of the enhanced visualization ability that our 3-D model provides by 
indicating very positive views towards the quality of the user interface layout (see Table 
3) (p<0.05), as demonstrated in Figure 9. 
5.2 Clinical perceptions 
It is essential that clinical staff, who would potentially use the measures obtained by the 
system, perceive that the output of the system supported their decision making about 
interventions i.e. management of SCI pain. In this respect, the authors felt that, although 
outside the purpose of the present study, it would be beneficial and would further 
support our present findings if the necessary perceptions of the clinical staff were also 
obtained. 
    As such, the 3-D application was demonstrated to three participant groups, consisting 
of two clinicians, two nurses and to a team of four physiotherapists, all employed in the 
spinal cord injury unit. All had some experience of using the 2-D pain drawing, and 
were not exposed at the 3-D system during the evaluation period with the patients. 
Specifically, each group was presented with the various functionalities of the system, 
and was then asked to document their opinions with regards to its practicality and 
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usefulness in their everyday practice. These were noted and transcribed by the authors.  
    Their responses varied and were generally positive with respect to the system’s 
potential. The clinicians appreciated that the system could be very useful in monitoring 
a patient’s condition and how it progresses over time, particularly emphasizing in the 
enhanced precision that would be added to this progress as a result of using the 3-D 
model in doing so. Similar were the responses from the physiotherapist group. 
Specifically, they all seemed to agree that improving the visual quality of the 
conventional pain drawing with a 3-D model could be of important assistance to them, 
as they could now plan better activities/exercises to reflect the pain of their patients. 
Finally, from a different perspective, the two nurses were very enthusiastic about two 
aspects of the system: first, its ability to record patients’ daily activities and whether 
they increase or deteriorate their pain level, and second, the possibility to show exactly 
where this pain is on the 3-D model. In doing so, both nurses argued that they could 
examine if the reported pain could be correlated with any of their daily patient care 
activities.        
6. Hardware and software specifications  
The 3-D pain application was developed using the Visual Basic .NET programming 
language. The 3-D model was developed from a previous model by Cyberware, Inc. 
[32].This Cyberware model was adapted, and then manipulated and extended to meet 
our needs. This was then integrated in the pain application by using the functionality of 
Parallel Graphics Cortona Software Development Kit (SDK), an Application 
Programming Interface (API) that facilitates the development of 3-D-enabled 
applications by using the Virtual Reality Modeling Language (VRML) [33], and then 
displayed using the Parallel Graphics Cortona3D Viewer [34].  
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    Accordingly, the web/database server was implemented for the Windows 2008 Server 
operating system, using Internet Information Server (IIS) 7.5 and the ADO.NET service 
to connect to the database. For the uploading functionality of the system, data could be 
send either wirelessly through Wi-Fi Protected Access–Pre-Shared Key (WPA-PSK) 
encrypted radio broadcast, or by using a standard broadband Internet connection. In 
both cases, the information privacy is maintained by the use of 128-bit Secure 
HyperText Transfer Protocol (HTTPS). 
    Finally, the databases were created using Microsoft Access, which was decided to be 
sufficient in terms of the amount of data it can store. It has to be noted that, with regards 
to the 3-D functionality, the data that are saved are not pictorial, but mainly 
numerical/textual (location of pain-–each body region had a unique text identifier, type 
of pain – each type had an Red Green Blue (RGB) numerical value, posture, selected 
mannequin body division, and time of day). As such, database sizes are kept relatively 
small [17] and can, therefore, be more efficiently used e.g. in uploading the information 
over the Internet. 
    All of the above were designed to run on PC machines with minimum requirements 
of an Intel processor, 2GB RAM and Windows Vista or later as the operating system. 
This study’s evaluation was carried out on a Sony Vaio laptop computer consisting of 
an Intel Core 2 Duo Processor 2.10 GHz with Microsoft Windows 7 as the operating 
system, 4 GB RAM and a 250 GB hard disk. The display ability of the laptop consisted 
of a 15.4” Liquid Crystal Display (LCD) screen with a resolution of 1280 x 800 pixels.  
7. Mode of availability of the system 
The described 3-D system is not currently publicly available. Since the study presented 
in this paper is prototypical, the system is planned to be further evaluated, and if 
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necessary, refined through a number of future studies that would involve a wider range 
of pain-related conditions. As such, the system is in a continuing development process, 
currently integrating the findings revealed from the present study.    
8. Concluding discussion 
With the emergence of 3-D technology, clinical applications that integrate such 3-D 
functionality could have important benefits in the rehabilitation of people with some 
form of disability. Several studies [21, 23, 27] have already reported some clinical areas 
where 3-D visualization technology has efficiently been applied. In the anticipation that 
the advantages of 3-D technology could similarly benefit the visual quality of the tools 
currently in use to measure pain, in this paper we have described a system that provides 
people with SCI the ability to visualize their pain experience with the help of a digitized 
3-D human model.  
    Our pilot findings from its evaluation with 15 patients suggest that the use of a 3-D 
system to support post SCI pain rehabilitation provides a significant improvement over 
most aspects of the conventional pain drawing currently in use. Considering that pain 
experience often varies between SCI patients, our results indicate that the 3-D 
application was significantly more efficient in capturing the type and exact location of 
pain, as compared to the 2-D pain drawing. Particularly encouraging were also the 
results with regards to the ease that patients experienced in learning to use and log pain 
information in the 3-D model, irrespective of age, diagnosis or pain intensity. This is a 
very important result considering that our system was evaluated against the already 
accepted and familiar conventional means of using paper and pen to carry out this 
activity.  
    Overall, our evaluation results demonstrate that the 3-D application is considerably 
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more sufficient than the 2-D pain drawing in more accurately reporting pain 
characteristics to the consulting clinical staff. This finding was also validated by a group 
of clinical staff members, who seemed to overly agree with the potential and advantages 
of the system to support pain assessment and their decision making about pain 
management. Nevertheless, it is essential that the clinical perspective will be explored 
further in a larger-scale study that would examine in more detail our system’s potential 
in supporting quality pain management. This constitutes part of our future endeavors.  
Accordingly, the small group of participants taking part in this pilot study also does 
not presently allow for a large-scale generalization of our results. Specifically, it was 
difficult to conduct a large-scale study with SCI patients due to their pain. Therefore, it 
is recognized that the perceptions of the present study’s participants cannot be currently 
used to generalize the benefits of the 3-D application. However, given the limited 
existing research efforts in this particular area of healthcare, participants’ reported 
perceptions may be considerable useful as they could offer a significant insight and 
could be used as an important point of reference for future efforts.    
To this end, this study’s findings could be viewed as a proof of concept towards the 
possibility of patients using the 3-D system in order to become better stakeholders in the 
management of their pain – firstly, by allowing to communicate their pain experience in 
a more perceivable way to the natural environment, and, secondly, by using this 
opportunity to better understand it and subsequently improve the quality of their life.    
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